The HVR is important in K-Ras4B signaling. Results: GTP binding and oncogenic mutations may weaken the HVR-catalytic core interactions. Conclusion: GTP and some oncogenic mutations (e.g. G12C/G12V/Q61H/E37K) could attenuate HVR-catalytic domain interactions at the switch I/effector binding site by direct or longer-range interactions. Significance: GTP and specific mutations could prompt exposure of switch I/effector binding site, thereby up-regulating signaling.
The Ras family of small GTPases plays an essential role in signal transduction pathways that promote cellular proliferation, survival, growth, and differentiation (1, 2) . Ras behaves as a molecular switch by cycling between inactive GDP-bound and active GTP-bound states. Ras activity and subsequent signal propagation are initiated by guanine nucleotide exchange factors that catalyze the exchange of GDP by GTP and are terminated by GTPase activating proteins. GTPase activating proteins accelerate by 5 orders of magnitude GTP hydrolysis compared with the intrinsic GTPase activity, which does not contribute significantly to steady-state levels of Ras-GTP (3, 4) . Active, GTP-loaded Ras interacts preferentially with downstream effectors such as Raf kinase (5), phosphatidylinositol 3-kinase (PI3K) (6) , and Ral guanine nucleotide dissociation stimulator (7) , thereby initiating signaling cascades. Recent structural models of GTP-bound K-Ras4B dimers showed how Ras dimerization may play a role in Raf activation and signaling (8) as validated by cellular assays (9) . Aberrant activation of Ras is associated with ϳ30% of human cancers. Oncogenic mutations, most commonly observed at amino acid residues Gly-12, Gly-13, and Gln-61, render Ras in a constitutively active GTPbound state (10) , resulting in prolonged activation of downstream signaling, including MAPK (mitogen-activated protein kinase) and PI3K pathways (11, 12) .
There are three major Ras isoforms, H-, N-, and K-Ras, with the latter including two splice variants (K-Ras4A and K-Ras4B). Accumulating evidence indicates that K-Ras (86%) is the most frequently mutated isoform in Ras-driven cancers followed by N-Ras (11%) and H-Ras (3%) (13) . The sequences of Ras isoforms in their catalytic domains are extremely conserved (sequence identity Ͼ89%) (14) , whereas their C-terminal membrane-associated hypervariable region (HVR) 5 exhibits significant divergence (sequence homology Ͻ15%) (Fig. 1A) . The diversity of HVR sequences may provide some clues for isoform-specific differences in network signaling and oncogenic potential. K-Ras4B is modified by farnesylation at Cys-185 within the conserved C-terminal CAAX box (C, cysteine; A, aliphatic amino acid; X, any amino acid) (15) . This post-translational modification together with the polybasic stretch of the HVR that forms electrostatic interactions with the negatively charged phospholipids in the inner plasma membrane (PM) leaflet allows K-Ras4B to insert the prenyl group in the HVR into a disordered PM (16) . Combining computational and experimental studies, we recently showed that the HVR posttranslational modifications in K-Ras4B play a pivotal role in targeting microdomains of the PM, suggesting an additional function for HVR in regulation of Ras signaling (17) .
Despite the fundamental importance of HVR in Ras signaling (18 -24) , no structures of full-length Ras are currently available; Ras structures are determined exclusively with a truncated catalytic domain (25) (26) (27) (28) (29) . When full-length was attempted, no HVR electron density was obtained. Previously, using nuclear magnetic resonance (NMR) spectroscopy, Thapar et al. (30) revealed that the HVR of H-Ras transiently interacts with the catalytic domain. Furthermore, based on NMR and isothermal titration calorimetry (ITC) data, we hypothesized that the HVR is modulated by the K-Ras4B catalytic domain in a nucleotidedependent manner (31) . However, the details of the interactions of the HVR with the catalytic domain in the GDP-/GTPbound forms of Ras remained unresolved. In particular, little is understood about how the oncogenic mutations affect the HVR of full-length Ras.
Here, we mainly focus on the association of the HVR with the catalytic domain in solution. Based on earlier NMR and molecular dynamics (MD) simulations data (32) , two different fulllength K-Ras4B 1-185 (hereafter simply referred as K-Ras4B) conformations for the GTP-and the GDP-bound state were selected as initial models. 200 ns of explicit solvent MD simulations were performed for each of the 32 systems (Table 1 , in total 6.4 s), including wild-type K-Ras4B-GTP/GDP (KRas4B
WT -GTP/GDP) and their mutants (K-Ras4B Mut -GTP/ GDP) in frequent (G12C, G12D, G12V, G13D, and Q61H) and infrequent (E37K and R164Q) oncogenic states. The simulations show that in solution, K-Ras4B WT -GDP exists in an autoinhibited form characterized by tight interactions between the HVR and the catalytic domain. The HVR partially overlaps the Ras effector binding region and in one conformational species forms an antiparallel ␤ sheet with the ␤2 strand of the catalytic domain. Upon GTP loading, the HVR associates loosely with the catalytic domain, indicating a lower autoinhibition threshold in K-Ras4B
WT -GTP. Some of the oncogenic mutations attenuate the association of the HVR with the catalytic domain, which may facilitate the release of the HVR from the catalytic domain in a nucleotide-independent manner. The attenuation of the HVR-catalytic domain interactions is much stronger for the K-Ras4B-GTP mutants than for the K-Ras4B-GDP mutants. To date, oncogenic mutations were assumed to exert their effects only directly on the catalytic domain. Here, for the first time, our data elucidate how specific oncogenic mutations affect the structural and dynamic behavior of the HVR of K-Ras4B by direct or longer range interactions. We show an additional, previously overlooked, mechanism that contributes to Ras signaling by exposing the switch I/effector binding region, which is occluded by the HVR under physiological conditions. These observations underscore the double-thronged nature of the mutations. They can exert their effects in more than one way, abolishing GTP hydrolysis and facilitating effector binding. Although the bulk of the results are derived from extensive simulations, our NMR data support the two types of HVR-mediated exposure by oncogenic mutations: direct (E37K) and longer range interactions (the most oncogenic mutation, G12D).
Experimental Procedures

Construction of Full-length K-Ras4B-GTP/GDP Models-
The catalytic domains of K-Ras4B in complex with a nonhydrolyzable GTP analogue (GppNHp) (PDB ID 3GFT) and GDP (PDB ID 4EPT) (33) , respectively, were selected to model the full-length K-Ras4B. In 4EPT, residue Ser-118 was mutated back to native Cys-118, and in 3GFT, residue His-61 was mutated back to native Gln-61. GppNHp was modified to the physiological GTP. The differences of NMR chemical shift perturbations (CSPs) between the full-length (residues 1-185) and the truncated catalytic domain (residues 1-166) in its GDP/ GTP␥S-bound forms (data deposited in Biological Magnetic Resonance Bank, ID 26635) showed that in the GDP-bound K-Ras4B, most of the changes are observed in the switch I and effector binding regions, ␤2, and in the C-terminal helix, ␤5 (32) . This indicates that the C-terminal HVR associates extensively with the catalytic domain in the GDP-bound state. However, in the GTP␥S-bound form, only very few changes occur in the switch I and effector binding regions (Ile-36) and in proximity to the N-terminal portion (Ser-17 and Ala-18) (32) . Based on these observations, we generated four different initial configurations of each K-Ras4B-GTP/GDP with a covalently connected HVR to His-166 for the MD simulations. The analysis of the interaction energy between the HVR and the catalytic domain for each initial configuration revealed that the two models of each K-Ras4B-GDP/GTP are the best conformations of the HVR interacting with the catalytic domain. Therefore, we selected the two models, referred to as models 1 and 2, of each K-Ras4B-GDP/GTP as the templates to investigate the effects of oncogenic mutations on the conformational dynamics of the HVR. Models 1 and 2 of K-Ras4B
WT -GDP correspond to the previous configurations 2 and 3 of K-Ras4B
WT -GDP, whereas models 1 and 2 of K-Ras4B
WT -GTP correspond to the previous configurations 3 and 4 of K-Ras4B
WT -GTP (32 G12D -GDP. Based on these data, coupled with the unavailability of crystal structures of other mutant K-Ras4B structures, the G12C, G12D, G12V, G13D, E37K, Q61H, and R164Q of each K-Ras4B-GTP/GDP were constructed using the wild-type models. The AMBER ff03 (35) force field was assigned for the proteins. The parameters for GTP and GDP were taken from the AMBER parameter database. The proteins were solvated in a truncated octahedral box with TIP3P (36) water molecules; the box size was set to ensure a distance of at least 10 Å between the protein and the box boundaries. The systems were neutralized using counterions. Apart from neutralizing ions and one cofactor, Mg 2ϩ , no other ions were used in the simulations, which excludes a screening effect and likely increases the electrostatic interactions compared with the physiological setting.
Molecular Dynamics Simulations-MD simulations were performed using the AMBER 11 package (37) . To remove bad contacts in the solvated systems, all systems were subjected to 2000 steps of the steepest descent energy minimization followed by 3000 steps of the conjugate gradient energy minimization with a positional restraint of 500 kcal mol Ϫ1 Å
Ϫ2
imposed on the heavy atoms of the proteins (38) . Subsequently, the entire system was minimized without any restraints. After minimization, each system was heated gradually from 0 K to 300 K within 300 ps. This was followed by constant temperature equilibration at 300 K for 700 ps, with a positional restraint of 10 kcal mol Ϫ1 Å Ϫ2 in the complex in a canonical NVT ensemble.
A total of 6.4-s MD simulations was performed with periodic boundary conditions using the NPT ensemble; each system was simulated for 200 ns (Table 1) . Langevin dynamics (39) was used to maintain the temperature at 300 K with a collision frequency of 1 ps Ϫ1 , and a Langevin piston was assigned to maintain the pressure at 1 atm. An integration step of 2 fs was set for the MD simulations. Long range electrostatic interactions were incorporated by using the particle mesh Ewald method (40) . A cut-off equal to 10 Å was used for short range electrostatics and van der Waals interactions. The SHAKE method (41) was applied to constrain all covalent bonds that involve hydrogen atoms.
Site-directed Mutagenesis, Expression, and Purification-To produce the G12D and E37K mutants, site-directed mutagenesis was performed using the QuikChange site-directed mutagenesis kit (Stratagene) following the manufacturer's instructions. Full-length recombinant G12D and E37K K-Ras4B mutants were expressed in BL 21 AI Escherichia coli cells and purified according to the published protocol (42) . The cells were grown overnight at 18°C, and K-Ras4B expression was induced with a final isopropyl 1-thio-␤-D-galactopyranoside concentration of 0.2 mM along with 0.2% arabinose in M9 media containing 15 NH 4 Cl (CIL Inc.). The protein was purified on Ni 2ϩ -Sepharose beads (Pierce). SDS-PAGE electrophoresis was used to determine the purity of the protein.
NMR Experiments-All experiments were carried out at 25°C using Bruker Avance 900 MHz spectrometer fitted with a cryogenic probe. The NMR buffer contained 10% D 2 O, 50 mM Tris citrate (pH 6.5), 5 mM MgCl 2 , 50 mM NaCl, and 10 mM ␤-mercaptoethanol. Sparky (University of California San Francisco) was used for all K-Ras4B assignments based on CBCA-CONH and NHCACB NMR spectra. Data processing was done with the NMRPipe software (43) . 1 H, 15 N heteronuclear single quantum coherence (HSQC) spectra for G12D and E37K mutants and wild-type K-Ras4B were compared. The mean chemical shift differences were calculated as
Only those chemical shift differences (⌬␦) that were greater than the sum of the average of all chemical shift differences and 1 S.D. were considered to be statistically significant.
Results
Overview of Full-length K-Ras4B Structures and Simulations-
The structure of full-length K-Ras4B is composed of two components, the catalytic domain (residues 1-166) and the HVR (residues 167-188). The functional P-loop (residues 10 -17), switch I (residues 32-38), and switch II (residues 59 -67) regions constitute the active site for GTP hydrolysis and interaction sites for effector proteins, including Raf and PI3K (Fig. 1B) . Residues Gly-12, Gly-13, Gln-61, and Arg-164 are far away from the effector binding region. In contrast, residue Glu-37 in the switch I region is within the effector binding region, which directly engages in electrostatic interactions with the positively charged residues Arg-59 and Arg-67 of the Ras binding domain (RBD) of Raf (RafRBD) (Fig. 1C) . The HVR of K-Ras4B is highly positively charged. Therefore, we hypothesized that it might engage in potential electrostatic interactions with negatively charged residues in the catalytic domain that are located in spatial vicinity of the HVR. We performed two independent MD simulations with different starting points (models 1 and 2) for each wild-type and mutant K-Ras4B in the GTP-and GDP-bound states. In the starting points of both K-Ras4B-GTP models, the multiple C-terminal lysine residues on the HVR interacted with the negatively charged residues on the switch I region of the catalytic domain ( Fig. 2A) . The patterns of HVR-catalytic domain interactions are similar to those of H-Ras-RafRBD interactions (5) (Fig. 1D ). However, in the starting points of both K-Ras4B-GDP models (Fig. 2B) , the HVR has additional electrostatic interactions with the switch II region of the catalytic domain. These additional HVR contacts in the K-Ras4B-GDP are available because of the conformational rearrangements occurring in the GDP-bound state. The nucleotide-dependent orientation of the HVR with respect to the catalytic domain implies that interactions of the HVR with the catalytic domain are stronger for K-Ras4B-GDP than for K-Ras4B-GTP.
For each of the 32 systems of full-length K-Ras4B in the different states we performed 200 ns MD simulations ( Table 1) . Analysis of C␣ r.m.s.d. between the wild-type and mutant K-Ras4B revealed that the mutations had subtle effects on the catalytic domains compared with the wild type (Table 1 ), in agreement with crystallographic studies that demonstrate no significant conformational differences between the wild-type and mutant Ras. Significantly, in all cases, compared with the catalytic domain the HVR had larger r.m.s.d. values during the simulations, which is consistent with its high flexibility. In particular, the r.m.s.d. values of the HVR are markedly larger in the G12C, G12D, G13D, Q61H, and R164Q of model 1 of K-Ras4B-GTP, G12V and E37K of model 2 of K-Ras4B-GTP, E37K of model 1 of K-Ras4B-GDP, and G12C, G13D, E37K, and Q61H of model 2 of K-Ras4B-GDP compared with those in the corresponding wild-type systems. The results indicate that these mutations affected significantly the conformational dynamics of the HVR.
Interactions of the HVR with the Catalytic Domain in K-Ras4B
WT -GDP-To reveal the conformational dynamics of the HVR in K-Ras4B
WT -GDP, the simulated snapshots sampled at each 25-ns interval over 200 ns of simulation were superimposed on the initial models 1 (Fig. 3A) and 2 ( Fig. 3B) , respectively. In both models the HVR interacts with the catalytic domain during the entire simulation trajectories. Remarkably, in model 2 of K-Ras4B
WT-GDP, the HVR formed an antiparallel ␤-sheet with the ␤2 strand of the catalytic domain (Fig. 3B) ; the latter was in the effector binding region and mimicked its mode of interaction as observed in the co-crystal structure of the RafRBD bound to H-Ras catalytic domain (5) (Fig.  1C) . The HVR is disordered. Secondary structure prediction using the DSSP (Dictionary of Secondary Structure of Proteins) method (44) revealed that the transient HVR ␤-strand conformation stems primarily from six residues (residues 171-176) on the N-terminal HVR (Fig. 4) . Analysis of the interaction energy between the HVR and the catalytic domain in the K-Ras4B
WT -GDP indicated that the interaction energy in model 2 (Ϫ576.43 Ϯ 90.98 kcal/mol, Fig. 5B ) were slightly lower than in model 1 (Ϫ557.47 Ϯ 87.65 kcal/mol; Fig. 5A ). Significantly, in both models the HVR-catalytic domain interactions are dominated by electrostatics. Taken together, these data suggest that in solution, the tight association of the HVR with the catalytic domain renders the K-Ras4B
WT -GDP in its autoinhibited form.
Specific Oncogenic Mutations May Weaken the HVR-Catalytic Domain Interactions in the K-Ras4B-GDP-Given the association of the HVR with the catalytic domain in KRas4B
WT -GDP, we next investigated the impact of frequent oncogenic mutations, including G12C, G12D, G12V, G13D, and Q61H mutations, on the conformational ensemble of K-Ras4B-GDP. For each oncogenic mutant, the simulated snapshots were superimposed to the initial models 1 (Fig. 3A) and 2 (Fig. 3B) . As in K-Ras4B
WT -GDP, the HVR is retained on the catalytic domain in both models of K-Ras4B Mut -GDP. However, the most remarkable difference found in the HVR between the wild-type and mutant K-Ras4B was an impairment of the HVR ␤-sheet in model 2 of K-Ras4B Mut -GDP (Fig. 4) . To quantitatively measure the influence of oncogenic mutations on the HVR, the interaction energy between the HVR and the catalytic domain was calculated. As shown in Fig. 5A , in model 1 of K-Ras4B-GDP, analysis of the average interaction energy reveals that the G12D, G12V, and Q61H mutations attenuate the HVR-catalytic domain interactions compared with the wild type. In contrast, the G12C and G13D mutations strengthened the HVR-catalytic domain interactions. However, in model 2 of K-Ras4B-GDP (Fig. 5B) , all oncogenic mutations weakened the HVR-catalytic domain interactions with the exception of the G12V mutant; the average interaction energy in the latter is comparable in magnitude with that of the wild type. However, as shown in Fig. 5, A and B, considering the large error bars in the calculated interaction energy, the frequent oncogenic mutations may not significantly affect the HVR-catalytic domain interactions in the K-Ras4B-GDP.
To ascertain the influence of oncogenic mutations on the HVR, we compared the 1 H, 15 N HSQC spectra of the wild-type and K-Ras4B G12D -GDP; the latter is the most frequent oncogenic mutant. The CSPs for backbone amides between the wildtype and G12D mutant occur for residues in the P-loop (Gly-10, Gly-15), L2 (Val-29), switch I (Glu-33, Ile-36), switch II (Gly-60, Met-67), ␣2 (Asp-69), ␤6 (Ser-145), ␣5 (His-166), and HVR (Lys-178, Lys-179) (Fig. 6) . Most of the residues that are perturbed significantly are in the vicinity of the P-loop (residues 10 -17) where the G12D mutation is located, suggesting that the G12D mutation alters the conformation of the functional P-loop, switch I and switch II regions. Remarkably, G12D can also perturb the HVR, which is relatively far away from the P-loop, indicating that the G12D mutation affects the HVRcatalytic domain interactions by longer range interactions (45) (46) (47) .
Interactions of the HVR with the Catalytic Domain in K-Ras4B
WT -GTP-To reveal the conformational dynamics of the HVR in K-Ras4B
WT -GTP, the simulated snapshots sampled at each 25-ns interval over the 200-ns trajectory were superimposed on the initial models 1 (Fig. 7A) and 2 (Fig. 7B) . Similar to K-Ras4B WT -GDP, the HVR can interact with the catalytic domain along the simulations in both K-Ras4B
WT -GTP models. Because the contacts between the HVR and the catalytic domain in the K-Ras4B
WT -GDP outweigh those of KRas4B
WT -GTP, we hypothesized that the HVR interacts loosely A, schematic representation of models 1 and 2 of full-length K-Ras4B-GTP. In model 1, the residues Lys-178, Lys-180, Lys-182, and Lys-184 of the HVR form electrostatic interactions with the residues Glu-37, Asp-38, Asp-33, and Glu-31 of the switch I. In model 2, the residues Lys-178, Lys-182, and Lys-184 of the HVR form electrostatic interactions with the residues Glu-37, Asp-38, and Asp-33 of the switch I. B, schematic representation of models 1 and 2 of full-length K-Ras4B-GDP. In model 1 the residues Lys-176, Lys-177, Lys-178, and Lys-180 of the HVR form electrostatic interactions with the residues Glu-37, Asp-38, and Asp-33 of the switch I and Glu62 of the switch II. In model 2 the residues Lys-176, Lys-178, Lys-180, and Lys-182 of the HVR form electrostatic interactions with the residues Glu-37 and Asp-38 of the switch I and Glu62 of the switch II. C, the backbone superimposition of models 1 (HVR colored by red) and 2 (HVR colored by cyan) of full-length K-Ras4B-GTP. The orientation of the HVR with respect to the catalytic domain in the models 1 and 2 is similar. D, the backbone superimposition of models 1 (HVR colored by red) and 2 (HVR colored by cyan) of full-length K-Ras4B-GDP. The orientation of the HVR with respect to the catalytic domain in the models 1 and 2 is markedly different. In model 1, the HVR runs between the ␤1 strand and the helix ␣5, whereas in model 2 it runs between the L2 loop and ␤2 strand.
with the catalytic domain in K-Ras4B WT -GTP. To test this hypothesis, the interaction energies between the HVR and the catalytic domain in both models of K-Ras4B
WT -GTP were calculated. The interaction energies were Ϫ530.13 Ϯ 103.16 and Ϫ470.34 Ϯ 56.81 kcal/mol for models 1 (Fig. 5C) and 2 (Fig. 5D ) of K-Ras4B WT -GTP, respectively, which were higher than those of models 1 (Ϫ557.47 Ϯ 87.65 kcal/mol; Fig. 5A ) and 2 (Ϫ576.43 Ϯ 90.98 kcal/mol, Fig. 5B ) of K-Ras4B WT -GDP. Taken together, these data suggest that the loose interaction of the HVR with the catalytic domain in the GTP-bound form may facilitate the disassociation of the HVR from the catalytic domain.
Specific Oncogenic Mutations Significantly Affect the HVRCatalytic Domain Interactions in K-Ras4B-GTP-Because of the loose engagement of the HVR with the catalytic domain in K-Ras4B
WT -GTP, we forecasted that the oncogenic mutations would have pronounced effects on the conformational dynamics of the HVR. To test this likelihood, the simulated snapshots in each oncogenic mutant were superimposed onto the initial models 1 (Fig. 7A) and 2 (Fig. 7B) . The orientation of the HVR with respect to the catalytic domain in K-Ras4B-GTP underwent extensive changes in the oncogenic mutants. Remarkably, in the G12C, G12D, and Q61H mutants of model 1 and the G12D and G12V mutants of model 2, we observed that the HVR is released from the catalytic domain during the simulations. We calculated the interaction energy between the HVR and the catalytic domain for each oncogenic mutant. As shown in Fig. 5 , C and D, analysis of average interaction energy revealed that in both models all oncogenic mutations reduced the interaction compared with the wild type. For example, in model 1, the interaction energies for G12C, G12D, G12V, G13D, and Q61H mutant were Ϫ348. 31 Fig. 5, C and D, considering the large error bars in the calculated interaction energy, only the frequent oncogenic G12V mutation in the model 2 significantly affected the HVR-catalytic domain interactions in the K-Ras4B-GTP. Cumulatively, these results suggest that specific oncogenic mutations markedly affect the HVR-catalytic domain interactions in the K-Ras4B-GTP, which may accelerate the release of the HVR from the catalytic domain and further up-regulate signaling.
The Effect of the E37K Mutation on Full-length K-Ras4B-Residue Glu-37 is situated on the switch I region. In both K-Ras4B-GTP/GDP (Fig. 2) , Glu-37 engaged in electrostatic interactions with the lysine residues on the C-terminal HVR. Recently, an infrequent K-Ras oncogenic mutation, E37K, has been detected in patients of chronic myelomonocytic leukemia (48) . We hypothesized that the inverse charge of residue 37 could have a large effect on the overall structure. To test this hypothesis, the simulated snapshots sampled at each 25-ns interval over 200 ns of simulation were superimposed to the initial models 1 and 2 of K-Ras4B-GTP/GDP, respectively. As shown in Fig. 8A , the HVR can interact with the catalytic domain in model 1 of K-Ras4B
E37K
-GTP but was released in model 2. As for the simulations of K-Ras4B E37K -GDP (Fig. 8B) , the HVR was released from the catalytic domain in model 1. Although the HVR was capable of interacting with the catalytic domain in model 2, it exhibited large fluctuations during the simulations. We calculated the interaction energy between the HVR and the catalytic domain. The E37K mutation resulted in a significant loss of interaction, i.e. increasing the average interaction energy in both GDP/GTP-bound forms compared with models 1 and 2 of K-Ras4B
WT -GTP/GDP (Fig. 5) . However, considering the error bars in the calculated interaction energy, only the E37K mutation in the model 1 of K-Ras4B-GDP significantly affected the HVR-catalytic domain interactions.
To reveal the impact of the E37K mutation on the K-Ras4B, we compared the 1 H, 15 N HSQC spectra of the wild-type and K-Ras4B E37K -GDP. The marked CSPs for backbone amides between the wild-type and E37K mutant occurred for residues in ␤1 (Tyr-4), P-loop (Gly-10, Ser-17), L2 (Leu-23-Gln-25, Phe-28, Val-29), ␤2 (Ser-39, Arg-41, Lys-42), ␤3 (Thr-50, Thr-51, Asp-54, Thr-58), switch II (Gly-60, Glu-62, Met-67), ␤4 (Cys-80), and ␣3 (Arg-97, Lys-101) (Fig. 9A) . The most remarkable difference between models 1 and 2 was the orientation of the HVR with respect to the catalytic domain. In model 1 (Fig.  9B) , the HVR ran between ␤1 and ␣2 regions, whereas in model 2 (Fig. 9C) it ran between L2 and ␤2 regions. L2 and ␤2 are involved in binding Raf CRD and RafRBD (5), respectively. Thus, in model 2 of K-Ras4B-GDP, the HVR partially overlaps the Ras effector binding region. The experimental NMR CSPs showed that the E37K mutation was capable of affecting the L2 and ␤2 regions of the catalytic domain, which suggests that model 2 prevails over model 1 in characterizing the HVR-catalytic domain interactions.
The Effect of the R164Q Mutation on Full-length K-Ras4B-Residue Arg-164 is located on the C-terminal helix ␣5. In fulllength K-Ras4B-GTP/GDP, Arg-164 formed electrostatic interactions with both residues Asp-47 and Glu-49 on the L3 loop that connects ␤2 to ␤3. Recently, using microarray analysis, Smith et al. (49) identified a new infrequent mutation of K-Ras, R164Q, in sporadic colorectal tumors. We anticipate that substitution of arginine by glutamine disrupts electrostatic interactions between Arg-164 and residues Asp-47 and Glu-49, which in turn may resonate in the entire structure. To test this idea, simulated snapshots sampled at each 25-ns interval over 200-ns simulation were superimposed onto the initial models 1 and 2 of K-Ras4B R164Q -GTP/GDP, respectively. As shown in Fig. 8C , the HVR changed the orientation with respect to the catalytic domain in model 1 of K-Ras4B R164Q -GTP, but it retained the interactions with the catalytic domain in model 2. In the simulations of K-Ras4B R164Q -GDP (Fig. 8D) , the HVR interacted with the catalytic domain in both models, although the C-terminal HVR illustrates large fluctuations during the simulations. In addition, significant conformational changes also occur in the switch I and switch II of model 2. The average interaction energy between the HVR and the catalytic domain showed that the R164Q mutation reduces the HVR-catalytic domain interactions in both GDP-/GTP-bound forms compared with the models 1 and 2 of K-Ras4B
WT -GTP/GDP (Fig.  5) . However, considering the large error bars in the calculated interaction energy, the R164Q mutation may not significantly affect the HVR-catalytic domain interactions in both GDP-/ GTP-bound K-Ras4B.
Discussion
Currently structures of full-length Ras remain undetermined. Although there have been considerable efforts in elucidating the interactions of post-translational modifications (farnesylation, geranylgeranylation, palmitoylation, and phosphorylation) of the HVRs of Ras isoforms with different PMs (50 -53) , not much is known about how the HVR interacts with the catalytic domain of Ras. Here, combining MD simulations and NMR, we propose that K-Ras4B-GDP is in its autoinhibited form via the interactions of the HVR with the catalytic domain, thereby locking K-Ras4B in an inactive state. The exchange of GDP by GTP produces an active K-Ras4B-GTP featured by the release of HVR from the catalytic domain.
The phenomenon of autoinhibition has been commonly observed in enzymes consisting of several domains. Evolution has exploited this mechanism to reduce protein activity in resting cells. Examples include the AMP-activated protein kinase (AMPK), where the engagement of an autoinhibitory domain with the catalytic domain shifts the kinase to an autoinhibited state with much lower activity than that of the kinase domain alone (54) . In Akt, the pleckstrin homology domain couples with the kinase domain to lock the Akt in an inactive conformation (55, 56) . In c-Abl-tyrosine kinase, the N-terminal SH3-SH2 domains, acting as an autoinhibitory "cap," binds to the kinase domain, and the loss of this autoinhibition turns c-Abl into an oncogenic protein (57) . As in the case of Ran, a Ras-like small GTPase, the determination of Ran structures in complex with different nucleotides unraveled a C-terminal ␣-helix interacting with the Ran binding domain in the GDP-bound form (58) . Conversely, the Ran-GppNHp complex indicates that GTP binding induces a conformational switch that may detach the C-terminal helix form the Ran binding domain (59) . Consistently, biochemical analysis demonstrates that K-Ras4B forms an assembly that is similar to that of Ran. Previously, based on NMR and ITC, we revealed that the HVR of K-Ras4B is the primary binding site for calmodulin (CaM), a ubiquitous Ca 2ϩ -binding protein, and the affinity of K-Ras4B to CaM depends on nucleotide binding to K-Ras4B (31) . We showed that little or no CaM binding to K-Ras4B was observed in the GDP-bound form, suggesting that the HVR may be sequestered by the catalytic domain in the K-Ras4B-GDP to prevent it from binding CaM. In contrast, in the GTP␥S-bound form, K-Ras4B can interact with CaM with micromolar affinity, pointing to an HVR disassociated state in K-Ras4B-GTP.
Based on the NMR CSPs data (32), we generated two initial configurations of each full-length K-Ras4B-GTP/GDP for the MD simulations. Superimposition of both GTP-bound models showed that the orientation of the HVR with respect to the catalytic domain was very similar (Fig. 2C) . However, we observed a significant difference in the orientation of the HVR with respect to the catalytic domain between the two K-Ras4B-GDP models (Fig. 2D) . In model 1, the HVR ran between the ␤2 strand and the ␣2 helix, whereas in model 2 it ran between the L2 loop and the ␤2 strand. In the K-Ras4B-GDP model 2 simulation, the six N-terminal HVR residues (residues 171-176) formed an antiparallel ␤ sheet with the ␤2 strand of the catalytic domain. This ␤ sheet formation enhances the interaction of the HVR with the catalytic domain. The interaction energy between the HVR and the catalytic domain was calculated on the basis of each simulated trajectory. It is lower in both models of K-Ras4B WT -GDP than K-Ras4B
WT -GTP, in agreement with experimental data. Moreover, the average interaction energy of model 2 of K-Ras4B-GDP was lower than that of the model 1 of K-Ras4B-GDP by ϳ20 kcal/mol, indicating that the interaction of HVR with the catalytic domain is stronger in model 2 than in model 1. The additional HVR ␤ strand in model 2 may be responsible for augmenting the HVR-catalytic domain interaction.
We carried out simulations of oncogenic mutations, including frequent (G12C, G12D, G12V, G13D, and Q61H) and infrequent (E37K and R164Q) mutations to explore their effects on the full-length K-Ras4B-GDP/-GTP. Because of the loose interaction of the HVR with the catalytic domain in K-Ras4B-GTP, mutations such as G12C, G12V, Q61H, and E37K caused the disassociation of the HVR from the catalytic domain during the simulations. Analysis of the average interaction energy between the HVR and the catalytic domain demonstrated that all oncogenic mutants reduced the interaction energy compared with K-Ras4B WT -GTP. In contrast, in all cases except that of E37K in model 1 of K-Ras4B-GDP, the HVR retained the interactions with the catalytic domain; however, all oncogenic mutants in model 2 disrupted the N-terminal ␤ sheet extension by the HVR, which may facilitate the HVR release.
Here, we propose new insights into K-Ras4B regulation. As shown in Fig. 10A , in resting cells K-Ras4B is predominantly GDP-bound. The farnesylated HVR of K-Ras4B
WT -GDP formed an antiparallel ␤ sheet through interaction with the ␤2 strand of the catalytic domain. A dynamic equilibrium existed between the released and catalytic domain-bound K-Ras4B-GDP HVR, but the equilibrium constant of k off (unreleased) was significantly larger than the k on (released), rendering the fulllength K-Ras4B-GDP primarily in the unreleased, autoinhibited form. The released HVR had the ability to insert the farnesyl into the PM. At the PM, guanine nucleotide exchanged GDP for GTP to produce the active K-Ras4B-GTP, which can bind its effectors to initiate downstream signaling. GTPase-activating proteins accelerated GTP3 GDP hydrolysis to produce the inactive K-Ras4B-GDP, terminating signaling. When detached from the PM, K-Ras4B
WT -GDP was autoinhibited by its ␤ sheet-forming HVR, which interacts with the catalytic domain. Oncogenic mutants (Fig. 10B) disrupted the ␤ sheet, weakening the interactions between the HVR and the catalytic domain, which shifted the equilibrium to the released HVR state. Thus, WT -GDP is in a dynamic equilibrium between the released (k on ) and unreleased (k off ) HVR states (k on Ͻ Ͻ k off ), which renders the full-length K-Ras4B-GDP WT primary in the unreleased, autoinhibited form. The released HVR state of K-Ras4B WT -GDP can insert the farnesylated HVR into the PM, where the polybasic stretch of the HVR forms electrostatic interactions with the negatively charged phospholipids in the inner leaflet of PM. At the PM, guanine nucleotide exchanges (GEF) exchange GDP for GTP to produce the active K-Ras4B
WT -GTP, which can bind its effectors, e.g. Raf, PI3K, and Ral guanine nucleotide dissociation stimulator (RalGDS), to initiate downstream signaling. GTPase activating proteins (GAP) accelerate GTP3 GDP hydrolysis to produce the inactive K-Ras4B
WT -GDP, thereby terminating signaling. After disassociation from the PM, K-Ras4B WT -GDP is autoinhibited again by the interactions of its HVR ␤ sheet with the catalytic domain to complete catalytic process. B, In the oncogenic states, the mutations impair the ␤ sheet secondary structure of HVR and weaken the interactions between the HVR and the catalytic domain. This effect shifts the equilibrium to the released HVR state of K-Ras4B
Mut -GDP and increases the population of the released HVR state of K-Ras4B
Mut -GDP compared with the wild type. As a result, more population of K-Ras4B Mut -GDP can traffic to the PM to recruit its effectors, thereby leading to the increase of downstream signaling associated with oncogenic cell growth.
oncogenic mutations elevated the released K-Ras4B-GDP HVR population compared with the WT, thereby up-regulating downstream signaling and oncogenic cell growth. The absence of crystal structures of full-length K-Ras4B may have obscured this secondary, although critical HVR-mediated oncogenic mechanism that we were able to unravel through a combination of simulations and NMR. We note that our current model of full-length K-Ras4B in both GDP-and GTP-bound states has no farnesyl group attached to residue Cys-185 and no MD simulations of full-length K-Ras4B-menbrane complex are included. Therefore, the geometrical organization and dynamics of the HVR-GTPase interactions with respect to the membrane may alter and are yet to be established. In addition, the relative energetics of the HVR-GTPase and the farnesyl-HVR membrane interactions are currently unknown. These may influence the unreleased-released HVR equilibrium.
